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Abstract: As we attempt to manage chemicals in the environment we need to be sure that our research efforts are being
directed at the substances of greatest threat. All too often we focus on a chemical of concern and then cast around for
evidence of its effects in an unstructured way. Risk assessment based on laboratory ecotoxicity studies, combined with field
chemical measurements, can only take us so far. Uncertainty about the range and sufficiency of evidence required to take
restorative action often puts policymakers in a difficult situation. We review this conundrum and reflect on how the “Hill
criteria,” used widely by epidemiologists, have been applied to a weight‐of‐evidence approach (a term sometimes used
interchangeably with ecoepidemiology) to build a case for causation. While using a set of such criteria to address sites of
local environmental distress has been embraced by the US Environmental Protection Agency, we urge a wider adoption of
weight‐of‐evidence approaches by policymakers, regulators, and scientists worldwide. A simplified series of criteria is of-
fered. Progress will require a sustained commitment to long‐term wildlife and chemical monitoring over a sufficient
geographic spread. Development of a comprehensive monitoring network, coupled with assembling evidence of harm in a
structured manner, should be the foundation for protecting our ecosystems and human health. This will enable us to not only
judge the success or failure of our efforts but also diagnose underlying causes. Environ Toxicol Chem 2021;40:2968–2977. ©
2021 The Authors. Environmental Toxicology and Chemistry published by Wiley Periodicals LLC on behalf of SETAC.
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INTRODUCTION
Those working to protect the environment and humans from
chemical pollution could consider themselves as having two
main duties: 1) to ensure that the characteristics of new
chemicals and likely exposure levels would not put biodiversity,
ecosystem processes, and humans at risk (prospective risk as-
sessment), and 2) to ensure that biodiversity, ecosystem proc-
esses, and human populations are not being damaged by the
chemicals in current use (retrospective risk assessment or im-
pact). Protecting the environment from exposure to un-
necessary risk from new chemicals is a vital part of preserving
living organisms. The ultimate aim for all those working in the
field is that our competence and knowledge will lead even-
tually to a consensus to prevent harmful chemicals being
marketed. Notwithstanding the often considerable amount of
chemical safety and environmental fate data that industries
have to provide for many jurisdictions for their products, fears
about new types of effects and dangers from mixtures have led
to a climate of perpetual uncertainty, if not fear, for the future
of natural ecosystems (Bergstrom et al., 2021). Indeed, it is now
considered by many that chemical pollution is one of the major
drivers of biodiversity loss today (Intergovernmental Science‐
Policy Platform on Biodiversity and Ecosystem Services, 2019),
as well as damage to human health (Landrigan et al., 2018), and
that more coherent approaches will be needed (Wang et al.,
2021). Unfortunately, prospective analysis and risk assessment
cannot guarantee identification of which chemicals might be
harmful and which might not. Strategies such as quantitative
structure–activity relationships and the ToxCast program in the
United States (Dix et al., 2007) are attempting to detect
chemicals with hazardous properties before they reach the
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environment, but to date the information that these ap-
proaches have provided has not been easy to translate into risk
assessment (Villeneuve et al., 2019). We still have only a rudi-
mentary understanding of how the combined effects of natural
abiotic factors (e.g., temperature, salinity, oxygen levels) and
biotic factors (nutritional state, reproductive condition) com-
bine with chemical toxicity to reduce the Darwinian fitness of
populations in nature. Furthermore, current regulatory prac-
tices are failing to prevent the presence of chemicals of un-
known toxicity in ecosystems, as well as in humans, from being
used and widely disseminated throughout the environment
(Gold & Wagner, 2020; Washington et al., 2020).
Once chemicals are in routine use and likely to enter eco-
systems, the classic and most common approach to assessing
whether damage might be occurring is shown as “method A”
in Figure 1. This illustrates the use of a combination of
laboratory ecotoxicity studies with field measurements of the
suspect chemical.
Yet questions persist over whether the observations from
laboratory ecotoxicity studies, particularly regarding chronic
toxicity and nonlethal endpoints, actually translate into dam-
aging effects in populations in situ (Adams, 2003; Johnson &
Sumpter, 2016; Munkittrick & McCarty, 1995; Suter et al.,
1985). Less common are field tests, such as for pesticides in
plots; but these suffer from the limited ability to assess impacts
because of the short duration of the test (Joy et al., 2005). It
may be that we underestimate impacts in the environment due
to the different vulnerabilities of various species, of their life
stages (juveniles, adults, etc.), and of the presence of multiple
biotic and abiotic stressors (including mixtures of chemicals).
We still face great difficulties in predicting the likely damaging
consequences of repeated exposure to chemicals over the life
course of each species. Alternatively, we may overestimate
toxic effects because of compensating factors. The work of
Fahlman et al. (2021) is a good example of where impacts
demonstrated on fish in the laboratory (antidepressant effects
on behavior) did not occur in the field because they were
subsumed by wider environmental influences. Even when
compensation does appear to occur, it may be difficult to in-
terpret. For example, a population may persist because it be-
comes genetically resistant to the presence of a toxic chemical,
but we may not wish to accept such a situation if the population
passes its pollutant load on to predators or the resistant pop-
ulation is more susceptible to other toxic chemicals, rendering
the ecosystem more vulnerable overall to future threats.
Unfortunately, there are also concerns that some of the re-
search published about chemicals in the environment as used
in “method A” could be misleading (Figure 1). These include
growing concerns about a declining quality in published eco-
toxicological work (Harris et al., 2014) and increasingly ex-
travagant claims of significant damage (Hanson & Brain, 2020;
Mebane et al., 2019). An example of some of these problems is
the increased frequency of claims by scientists that the chem-
ical exposure level used in their laboratory ecotoxicity tests was
“environmentally relevant” when in fact it was not (Weltje &
Sumpter, 2017). It is extremely unusual for the authors of pa-
pers reporting that a chemical causes adverse effects to a
particular species in a laboratory study to replicate it or follow
up that study by investigating whether those same effects are
occurring in wild organisms exposed to the same chemical in
the natural environment. Hence, it is often impossible to know
if the chemical used in the laboratory studies is or is not a threat
to free‐living populations of that organism. Interpretation of the
evidence provided by industry and academia can be contra-
dictory and appear to reflect views belonging to two different
ideological tribes, with the case of bisphenol A being an
unfortunate example (Myers et al., 2009).
With the emergence of the precautionary principle, a
philosophical underpinning exists for policymakers to restrict
chemical use, even where the amount of evidence for harm is
very limited (Gee, 2006; Wynne, 1992). Where the risks are high
but uncertainty remains, applying the precautionary principle
appears sensible. Nevertheless, it has been argued that
the greater the social or economic impact of a restriction, the
FIGURE 1: Examples of approaches used to establish whether or what chemical is causing harm or poses an unacceptable risk.
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greater should be the expectation of coherence in the accu-
mulated scientific evidence such as it is (Hill, 1965). The
problem for society lies not with the precautionary principle but
with the absence of an accepted minimum range and amount
of evidence that is used to underpin such decision‐making.
Relying only on information from the route of “method A”
(Figure 1) is a potentially weak foundation for calls to apply the
precautionary principle.
The use of what might be called “forensic ecotoxicology,”
following field observations of an unexpected decline in a
particular species, has had an excellent track record (described
as “method B” in Figure 1) in establishing cause and effect.
These include deductions on the significance of organochlorine
pesticides, such as dichlorodiphenyltrichloroethane, as being
responsible for egg shell thinning in predatory birds (Ratcliffe,
1970), the relationship between imposex in mollusks and trib-
utyltin (Gibbs et al., 1991), then more recently between Asian
vulture decline and diclofenac (Oaks et al., 2004). However, it is
not clear if this approach alone has entirely explained
the problems in eel populations (Geeraerts et al., 2011) or is
suitable when multiple different groups of organisms are in
decline.
Finally, we come to considering the formal structured ap-
proach to addressing an environmental problem, which has
often been described as the “weight‐of‐evidence” approach
(represented as “method C” in Figure 1). We have found it hard
to differentiate the discussion and methods of ecoepidemi-
ology from the weight‐of‐evidence approach. We use weight of
evidence to refer to a structured approach for gathering mul-
tiple lines of evidence (Burton et al., 2002). In a review of the
term, Weed (2005) recommended that authors always define
the elements they are employing in a paper where the term
weight of evidence is invoked. This confusion and past
vagueness over terms have not helped the adoption of these
approaches. Nevertheless, the inspiration for this approach of
gathering multiple lines of evidence comes from epidemiology,
most famously from the criteria listed in Hill (1965).
THE HILL CRITERIA AND THEIR
APPLICATION
The field of chemical risks to the natural environment can
benefit from reflecting on the work of Hill (1965) together with
analysis of his “criteria,” as reviewed by Susser (1991). This view
led Fox (1991) to urge its adoption to complement the inves-
tigative approach reliant on field observations described as
“ecoepidemiology” (Bro‐Rasmussen & Lokke, 1984). It is worth
pointing out that epidemiology deals with populations of one
species—Homo sapiens. In applying it to multiple species in
ecosystems, it has to be modified to consider ecological in-
teractions and the incredibly diverse biology of species, so
weight of evidence may be the more appropriate term. We are
aware, however, that weight of evidence as a term is not ideal
because it might be assumed to be referring to simply the
amount of evidence supporting a hypothesis, which is funda-
mental to the philosophy of science (Popper, 1963). A better
description might be “multiple lines of evidence,” but it is
perhaps too late to introduce a new term, so we will stick with
weight of evidence.
Although Hill warned us against using his list as an infallible
guide to causation, it is reasonable to assume that the more
criteria which apply to the question at issue, the more con-
fidence might be given as to whether causation exists. He
offered the following criteria. 1) Strength: This where a distinct
association can be distinguished. In epidemiology it might be
described as where the incidence of a disease (harmful pop-
ulation effect) is clear. He gives the examples of the incidence
of lung cancer in smokers being 10 times that of nonsmokers
and that of John Snow's London residents having a 14 times
greater death rate from cholera in 1855 because of a com-
munal water pump drawing from sewage‐contaminated water
compared to their neighbors with a sewage‐free water pump.
2) Consistency: Has the effect been observed to fit the same
pattern by different people in different places, circumstances,
and times? 3) Specificity: Here, damage is linked to the most
exposed and vulnerable part of the population. Hill was
considering unique exposures, such as for people working in
a particular industry having adverse problems to a degree not
seen in those in other environments. 4) Temporality: Here,
harm is linked to a moment in time when exposure to a
harmful agent began (and similarly would decline in time
once the agent is withdrawn). 5) Biological gradient: This is
the well‐known exposure–response relationship where
greater exposure might reasonably be expected to cause
more damage. 6) Plausibility: This is where the relationship
is biologically plausible. This is an interesting, somewhat
subjective criterion, which, as Hill said, we cannot demand
(because biological knowledge may be different tomorrow
from what it is today). 7) Coherence: This is where different
sources of evidence are brought together to complement the
argument. Thus, linking the deaths from cholera to drinking
water from a contaminated source is strengthened by also
detecting Vibrio bacteria in the water. 8) Experiment: In this
case Hill is asking does an intervention, such as reducing
exposure through changing industrial practice, reduce the
incidence of the linked disease? 9) Analogy: Hill suggests that
we might be able to refer to similar agents (perhaps in
molecular structure) which we know have caused serious
problems in the past to warn us of danger.
We consider that an important part of the Hill criteria is the
prominence, not to say dominance, of criteria that relate to
evidence coming from the field rather than the laboratory.
Some examples of the taking up of some, if not all, of these
criteria by many proponents of ecoepidemiology/weight of
evidence are shown in Table 1.
In a review of the utility of these different criteria for those
involved in weight of evidence/ecoepidemiology–type studies
by Collier (2003), it was found that some were less useful.
Regarding specificity, few examples of highly stressor‐specific
symptoms could be found. Also, exposure–response relation-
ships along a biological gradient were weaker in studies ex-
amining effects on communities, as opposed to studies of
effects on individuals and populations.
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Examples of where past and present environmental prob-
lems linked to chemicals might fit the Hill criteria are shown in
Table 2.
The key references we used to help with our scoring were
Matthiessen et al. (1995) for tributyltin and mollusks, Oaks et al.
(2004) for diclofenac and vultures, Sumpter (2005) for estrogens
and fish, Newton and Bogan (1974) for organochlorines and
raptors, Woodcock et al. (2016) for bees and neonicotinoids,
Yamamuro et al. (2019) for fish and neonicotinoids, Desforges
et al. (2018) for polychlorinated biphenyls and killer whales,
Geeraerts et al. (2011) for persistent organic pollutants and
eels, and Johnson and Sumpter (2016) for pharmaceuticals
and fish.
The review of significant chemical issues using the Hill
criteria may not be a perfect fit with the topic of chemicals in
the environment. The scoring provided in Table 2 could be
seen as somewhat subjective, and others may have more or
less confidence in the fit of these observations to the Hill cri-
teria than we do ourselves. However, the exercise is illumi-
nating in two ways: firstly, even chemical issues where we are
confident of causation and where we have taken action do not
score 9 out of 9; secondly, issues where we have not reached a
settled conclusion would indeed score poorly despite many
years of research. It is somewhat depressing that both Solomon
et al. (2008) and Hayes et al. (2011) refer explicitly to the Hill
criteria yet come to very different conclusions on the causality
of atrazine and endocrine disruption in amphibians. The lesson
here is that the criteria being referred to should be explained at
the outset and the subsequent analysis as dispassionate and
independent as possible. The assessment by Hayes et al. (2011)
did not appear to recognize the prominence given to field
evidence over laboratory data, which is at the heart of the Hill
criteria.
WHERE THE WEIGHT‐OF‐EVIDENCE
APPROACH HAS BEEN ADOPTED
Largely driven by scientists based in North America and
Canada, a set of approaches has been recommended for
environmental scientists to address causation. This drive is said
to have come in part from requirements placed on regulators
from the US Clean Water Act and notable pollution hot spot
issues. Legal issues may also have helped propel the subject,
particularly where human health impairment is believed to be
due to chemical pollution (Susser, 1986). These have tended to
assess whether and to what extent local chemical con-
tamination has damaged wildlife in a specific lake or catchment
(Bro‐Rasmussen & Lokke, 1984; Kapo & Burton, 2006; Suter
et al., 1999; Underwood, 1992). The US Environmental
Protection Agency (USEPA) has made its own attempts to help
guide investigators into whether any of a multitude of stressors
is causing a local biological decline (Causal Analysis/Diagnosis
Decision Information System [CADDIS], https://www.epa.gov/
caddis). The stressor identification framework on which
CADDIS is based was first published as a guidance document
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The CADDIS website was first published in 2005, with
substantial revisions in 2007 and 2010. A broader approach has
been to ascribe less than expected macroinvertebrate
biodiversity statistically to a range of stressors, including the
resident chemical mixture (largely reflecting the presence of
traditional toxic chemicals such as metals; Posthuma
et al., 2016).
While in North America, weight of evidence/ecoepidemiology
has typically been used to guide studies into finding the causes
of single or multiple wildlife problems at particular locations
(Cormier et al., 2003), it can also be argued as being amenable
to being used proactively to deduce the likelihood of a
chemical(s) being responsible for serious harm to wildlife
(leading to population‐level consequences) or in effect to
eliminate them as a cause. We may be mistaken, but we
are not aware that a weight‐of‐evidence approach has been
officially adopted by regulators and policymakers outside North
America.
SIMPLIFYING AND RANKING CRITERIA FOR
A WEIGHT‐OF‐EVIDENCE APPROACH TO
CHEMICALS IN THE ENVIRONMENT
As shown in Table 1, a number of scientists have taken on
the Hill criteria and assembled them in different ways to suit
investigations of apparent problems in the natural environ-
ment. In Figure 2 we offer our own ranked sequence of criteria
which could be used to eliminate a chemical, or mixture of
chemicals, from a known source as being responsible for
wildlife harm such as biodiversity loss.
We consider that field observations of declines in a wildlife
population are the central plank in building a case for action. If
at least 5 out of the 10 criteria in Figure 2 were satisfied, this
would be grounds for concern and a reaction would be
warranted. We acknowledge that looking for evidence of
damage at the population level is very crude and can detect
only the most drastic of impacts. However, if protecting the
wildlife in our natural environments is our central concern, then
this approach must be at the heart of protection and indeed
restoration.
The need for long‐term monitoring
It will not have escaped notice that to test such weight‐of‐
evidence criteria it is necessary to be in possession of long‐
term wildlife monitoring data (at least annual and ideally
married to sublethal biomarker measurements and chemical
monitoring data) with an extensive geographic coverage. This
is not a given, and, in fact, long‐term monitoring programs
appear to be in decline, if not under threat, everywhere.
Unfortunately, different types of monitoring are often not in-
tegrated (e.g., wildlife numbers, physiological assessments
based on biomarkers, behavioral changes, and chemical
monitoring taking place at different times and places in the
same ecosystem). We must accept that it is extremely im-
portant to maintain the resources for monitoring and assessing
biodiversity over very long periods (decades), suitably de-
signing studies to discern contaminant impacts (Jensen, 2019).
A significant proportion of monitoring sites should correspond
to human pressure locations such as those affected by agri-
culture, wastewater, and industrial discharges. European
nations start from a position of some strength regarding the
aquatic environment because of monitoring being reported on
performance for the Water Framework Directive (Vaughan &
Ormerod, 2012). Each state in the United States conducts
biomonitoring surveys of its aquatic environments, usually
including measurements of water chemistry and quality and
wildlife surveys. The public can obtain these data from
departments of environmental quality in each state. On the
FIGURE 2: Proposed evidence sequence to follow to eliminate whether chemicals whose source is known are a cause of serious wildlife damage
such as biodiversity loss.
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terrestrial side, the Breeding Bird Surveys is a large‐scale, long‐
term bird monitoring program (collaboration of the US
Geological Survey and Environment Canada) where data
collection follows a strict protocol (Belden et al., 2018). The
situation for detection of harm within the terrestrial environ-
ment seems more ad hoc in Europe, and in the United
Kingdom there is a tendency to rely much more on recording
by nongovernmental organizations (e.g., the Royal Society for
the Protection of Birds) and amateur naturalists, which, while
often excellent, does seem a rather tenuous method for the
state to ensure protection (Outhwaite et al., 2020). The United
Kingdom at least does monitor both wildlife and chemicals
around its coasts, although assessing changes in populations
and their causes is difficult (Nicolaus et al., 2016).
Appropriateness and practicality
There are those who argue that “if you see a decline in
wildlife, it is already too late.”We have refuted this argument in
previous work (Johnson & Sumpter, 2016), but suffice to say,
most of the chemicals whose impact we still debate have been
on the market for decades. Another criticism might be that this
approach “sets the bar too high.” Most would agree that na-
tional energies and resources should be focused especially on
protecting the wildlife in greatest peril. Such efforts may be
compromised if we dissipate our efforts and limited resources
too widely and chase after issues which present negligible or
nonexistent threats currently. We fear that continuously fo-
cusing our research funding into a succession of 3 year–funded
projects centered on laboratory ecotoxicity tests of chemicals
may overlook real areas of concern that would be discoverable
by long‐term monitoring efforts. The centrality that retro-
spective environmental monitoring could have in chemical
safety has been highlighted (Milner & Boyd, 2017). We do not
underestimate the difficulty in untangling cause and effect from
within a natural environment with multiple stressors and com-
pensating factors. Nor do we dismiss worrying trends of
chemical use that are gathering pace over the coming years.
The medical epidemiologist cannot and does not shrink from
this challenge, and neither should we.
Some might argue that this approach takes us no further
forward in assessing whether complex mixtures of chemicals
are harming wildlife. However, if the source of the mixture is
known or suspected, for instance, the mixtures of chemicals
discharged in wastewater, then criteria 1 to 6 could help begin
to provide answers. In this case, exposure can be inferred from
the percentage of wastewater in the receiving waters (Jobling
et al., 2006). The approach is a retrospective one. The problem
has to occur and be identified before utilizing the approach we
recommend. We have made the case elsewhere for the de-
velopment of policies that might help to avoid or greatly re-
duce chemical threats in the environment in the first place
(Collins et al., 2020).
In an ideal world, the next generation of chemicals would
be much less toxic and persistent than their predecessors, and
our prospective risk assessment would be much better than
that achieved using current methods, so chemical problems in
the environment would gradually become a thing of the
past (Johnson et al., 2020). But a moral duty would remain
to demonstrate, via monitoring, that we have succeeded,
and the cause of any deterioration should not be put at the
foot of chemicals without compiling evidence using a
weight‐of‐evidence approach.
Back in 1997 it was argued passionately within governments
and international bodies that we should adopt a formal struc-
ture for evidence gathering and analysis to support decision‐
making and restoration using approaches such as weight of
evidence (Gilbertson, 1997), particularly where chemicals are
accused of causing harm. The United States had very persua-
sive proponents, such as Cormier, Norton, and Suter, which
helped in developing the CADDIS approach by the USEPA. In
this modern era of chemical anxieties and deep concern over
biodiversity loss, we would urge ministries of the environment
and regulatory authorities in more nation‐states to formally
acknowledge and adopt these weight‐of‐evidence approaches,
as offered in Figure 2.
CONCLUSIONS
The advantages for scientists, regulators, and policymakers
in formally adopting a weight‐of‐evidence approach to chal-
lenges from chemicals in the environment include: a trans-
parent mechanism behind decision‐making, and the evidence
largely comes from “neutral sources.” This potentially takes a
lot of the political heat out of the debate, and ensures that
responses and efforts are proportionate and reflect what an
informed society demands.
We believe that if 1) we monitored wildlife well enough, and
2) we used these criteria to score chemical or substance chal-
lenges, then our field and the appropriate policy responses
would be on a much firmer footing than they are today. The
weight‐of‐evidence approach reviews all relevant data, rather
than focusing on a limited suite of test results, which are often
of little relevance to real‐world circumstances.
It is guaranteed that policymakers and regulators will face at
some stage in the future (if they aren't already) unexpected
chemical and substance effects and/or unanticipated declines
in wildlife populations that will lead to a public clamor for ac-
tion. When these moments arise, having a coherent and
transparent set of criteria for assembling all the evidence
available will help everyone. We recommend that those who
advocate more precautionary approaches reflect on the
weight‐of‐evidence approach. With contentious issues, it is not
so much the quantity of evidence available, but rather whether
multiple lines of different evidence exist which together can
infer causation. This weight‐of‐evidence approach will appeal
to all stakeholders, a factor which is critical in gaining consent
prior to moving to control chemicals, where necessary, and
hopefully restoring any damage that has been done.
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